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Summary 
 
Atmospheric CO2 partial pressure (pCO2) rises at a yet unprecedented rate, which enhances the 
uptake of CO2 by the surface ocean and concomitantly lowers the pH. Due to the latter, these 
changes are often referred to as ‘ocean acidification’ (OA). In the last decades, consequences of 
OA on marine phytoplankton have been intensively studied from cellular to ecosystem level. 
These investigations have, however, largely focused on coccolithophores, diatoms and 
cyanobacteria. Little is known about the responses of dinoflagellates to OA, even though they 
represent an important component of phytoplankton assemblages. Moreover, owing to their type 
II RubisCO, a carboxylating enzyme with very low affinities for its substrate CO2, dinoflagellates 
may be particularly sensitive to changes in CO2 concentrations. 
 In my first publication, I therefore investigated the impact of OA on two dinoflagellate 
species, the calcareous Scrippsiella trochoidea and the paralytic shellfish poisoning (PSP) toxin 
producing Alexandrium fundyense (previously A. tamarense). The results show that, besides 
species-specific differences, growth characteristics remained largely unaltered with rising pCO2 
(Publication I). To understand these responses, several aspects of inorganic carbon (Ci) 
acquisition were investigated, revealing effective yet differently expressed carbon concentrating 
mechanisms (CCMs). These CCMs were moreover adjusted to the respective CO2 environment, 
which enabled both species to keep their growth rates relatively unaffected over a broad range of 
pCO2. 
 In addition to OA, rising CO2 causes global warming, which in turn will lead to a rise in sea 
surface temperatures. Consequences will be an enhanced thermal stratification and a lowered 
nutrient resupply from nutrient-rich deep waters. Nutrient limitation may alter the response of 
dinoflagellates towards elevated pCO2. In Publication II, I therefore investigated the effects of 
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rising CO2 and nitrogen (N) limitation on S. trochoidea and A. fundyense. The findings indicate a 
close coupling between C and N assimilation and showed a CO2-dependent increase in N 
assimilation in both species. Although N-rich compounds per cell were highest at high pCO2, this 
came at the expense of higher N requirements and lower N affinities, which will reduce the 
competitive ability of both species that potentially translate to changes in the phytoplankton 
community composition in a future ocean. 
 To test the effect of OA on the productivity of phytoplankton in a natural community, a five 
months mesocosm study was conducted at the coast of the Swedish North Sea (Publication III). 
Besides early spring blooms of diatoms, dinoflagellate blooms often occur in these waters in late 
summer. During the experimental phase from March until July, we observed two major 
phytoplankton bloom events, which were both dominated by diatoms. Dinoflagellates usually 
overwinter as resting cysts in the sediment and as the applied mesocosms were closed in early 
spring, the initial inoculum of dinoflagellates was low. Weekly attempts to introduce seed 
populations of dinoflagellates to the mesocosms were not effective enough for species to subsist 
in these systems. Concerning the overall phytoplankton community, impacts of OA on primary 
production were generally small, though total primary production increased during the second 
phytoplankton bloom when nutrients were depleted to very low concentrations. 
 In conclusion, OA seems to have an effect on the photosynthetic activity of marine 
dinoflagellates, and furthermore cause changes in various physiological processes also related to 
nutrient acquisition. Even though these changes may appear ‘small’, at least when compared to 
OA-responses of other taxa, they can nonetheless influence the competitive abilities of species, 
especially when being exposed to nutrient limitation. On an ecosystem level, OA therefore has 
the potential to stimulate primary production and alter the phytoplankton community structure in 
coastal waters, especially at times when the availability of nutrients is limited.
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Zusammenfassung 
 
Der erdgeschichtlich beispiellose Anstieg im atmosphärischen CO2-Partialdruck (pCO2) führt zu 
einer erhöhten CO2-Aufnahme der Ozeane und damit einhergehend einer Absenkung des pH-
Wertes. Letzterer Prozess wird als „Ozeanversauerung“ bezeichnet, dessen Auswirkungen von 
der zellulärern Ebene bis hin zu ganzen Ökosystemen in den letzten Jahrzehnten intensiv 
untersucht wurden. Die meisten Studien haben sich hierbei auf Vertreter der Coccolithophoriden, 
Diatomeen und Cyanobakterien konzentriert. Vergleichsweise wenig ist über die Reaktionen von 
Dinoflagellaten auf Ozeanversauerung bekannt, obwohl diese Gruppe auch eine wichtige 
Komponente der Phytoplanktongemeinschaften darstellt. Durch den Typ II RubisCO, einem 
carboxylierenden Enzym mit besonders niedriger Affinität zu seinem Substrat CO2, könnten 
Dinoflagellaten besonders stark auf Veränderungen im pCO2 reagieren.  
 Für meine erste Publikation untersuchte ich deswegen den Einfluss von Ozeanversauerung 
auf zwei Dinoflagellaten, die kalzifizierende Art Scrippsiella trochoidea und die paralytic 
shellfish poisoning (PSP)-Toxine produzierende Alge Alexandrium fundyense (zuvor 
A. tamarense). Die Ergebnisse zeigen artenspezifische Unterschiede im Wachstumsverhalten, 
welche sich aber nur geringfügig unter steigenden CO2-Konzentrationen verändern. Um diese 
Beobachtungen besser zu verstehen, wurden physiologische Untersuchungen zur 
Kohlenstoffaufnahme durchgeführt, die für beide Arten effektive, aber unterschiedlich regulierte 
Kohlenstoffkonzentrierungsmechanismen (CCM) ergaben. Diese CCMs ermöglichen es ihnen 
relativ unabhängig von den CO2-Bedingungen in ihrer Umgebung zu wachsen. 
 Neben der Ozeanversauerung wirkt sich der Anstieg im atmosphärischen pCO2 auch auf die 
globale Erwärmung und damit die Meeresoberflächentemperatur aus. Durch eine stärkere 
Stratifizierung wird vorrausichtlich weniger nährstoffreiches Wasser aus den Tiefen der Ozeane 
Zusammenfassung 
 
XI 
 
an die Wasseroberfläche gelangen. Nährstofflimitierung könnten wiederum die Auswirkungen 
von OA auf Dinoflagellaten beeinflussen. In meiner zweiten Publikation untersuchte ich daher 
den kombinierten Einfluss von OA und Nitratlimitierung auf S. trochoidea und A. fundyense. Die 
Ergebnisse zeigen, dass die Assimilation von Kohlenstoff und Stickstoff stark miteinander 
verknüpft ist und sich die Stickstoffassimilierung mit steigendem CO2-Gehalt in beiden Arten 
erhöht. Der CO2-bedingte Anstieg in zellulären stickstoffreichen Verbindungen hatte jedoch 
einen höheren Stickstoffbedarf und niedrigere Affinitäten bei der Stickstoffaufnahme zur Folge. 
Diese Veränderungen können die Konkurrenzfähigkeit beider Arten beeinflussen und folglich 
Auswirkungen auf die Artenzusammensetzung zukünftiger Algenblüten haben.  
 Um den Effekt von Ozeanversauerung auf die Produktivität einer natürlichen 
Planktongemeinschaft zu testen, wurde eine 5-monatige Studie mit sogenannten Mesokosmen an 
der schwedischen Nordseeküste durchgeführt. Neben Algenblüten von Diatomeen im Frühling 
zeigen sich Blüten von Dinoflagllaten oft erst im Spätsommer. Während des Experimentes von 
März bis Juli konnten zwei von Diatomeen dominierte Algenblüten beobachtet werden. 
Dinoflagellaten überwintern als Zysten im Sediment und als die Mesokosmen im zum 
Frühlingsanfang hin geschlossen wurden, war die Anzahl an Dinoflagellaten sehr gering. 
Wöchentliche Versuche, Dinoflagellaten in die Mesokosmen einzubringen brachten nicht den 
erhofften Erfolg. Hinsichtlich der Phytoplanktongemeinschaft lässt sich festhalten, dass der 
Effekt der Ozeanversauerung nur einen geringen positiven Effekt auf die Primärproduktion hatte, 
und dies auch nur in der zweiten Algenblüte unter Nähstofflimitierung. 
 Es lässt sich abschließend festhalten, dass Ozeanversauerung Veränderungen in der 
Photosyntheseaktivität und weitere physiologische Prozesse hinsichtlich der Nährstoffaufnahme 
bei Algen hervorrufen kann. Verglichen mit anderen Taxa mögen diese Veränderungen klein 
wirken, doch sie können einen großen Einfluss auf die Konkurrenzfähigkeit der Arten haben, was 
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gerade unter Nährstofflimitierung zum Tragen kommt. Auf der Ebene eines Ökosystems kann 
Ozeanversauerung Einfluss auf die ganze Lebensgemeinschaft in Küstenregionen nehmen und 
besonders bei geringem Nährstoffangebot die Primärproduktion erhöhen und 
Artenzusammensetzung der Algengemeinschaft verändern. 
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1. Introduction 
 
 Preface 
What makes planet Earth a ‘habitable’ planet? To answer this question in detail would surely 
go beyond the scope of this thesis. Basically, it is because of the relative distance between 
the earth and the sun, and the natural greenhouse gases such as water vapor, carbon dioxide 
(CO2), ozone, and other elements including methane (CH4) and nitrous oxide (N2O), which 
keep the atmosphere relatively warm and insulated (NASA 1994). Altogether, these 
greenhouse gases make less than 0.1 % of the atmosphere, with the other 99.9 % being 
composed of nitrogen (N2), oxygen (O2), and to a lesser extent argon. This already indicates 
that small changes in atmospheric trace gas composition may have a strong impact on the 
global climate system. 
 
1.1 Past - present - future of atmospheric CO2 partial pressure 
Ice core data reveals detailed insights into the atmospheric composition and the climate 
system to 800,000 years before present (Petit et al. 1999; Lüthi et al. 2008). This record also 
provides the natural variability in trace gases such as CO2, which partial pressure (pCO2) has 
varied between 180 and 300 μatm during glacial and interglacial cycles, respectively. 
With the beginning of the Industrial Revolution less than 250 years ago, anthropogenic 
release of greenhouse gases, such as CO2 from burning of fossil fuels, or NH4 and N2O from 
changes in land-use, have since then altered the atmospheric composition (IPCC 2013). 
Although climate can strongly vary, e.g. through volcanic eruptions or changes in solar 
variability, the observed changes exceed the signal of natural variability, being inevitably 
human-induced and on a time scale with no known precedent in the past (Karl et al. 2003). 
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Regarding CO2, which is the most important contributor to anthropogenic forcing of climate 
change, pCO2 values increased from pre-industrial levels of about 280 μatm towards 400 
μatm CO2 at present-day (Fig. 1; http://www.esrl.noaa.gov/ gmd/ccgg/trends/; Mauna Loa 
CO2, November 2016). Although estimated pCO2 values for 2100 vary, ranging from 800 to 
1150 μatm (IPCC 2013), most models predict at least a doubling compared to today’s CO2 
concentrations.  
 
 
Fig. 1: Global temperature (°F) and CO2 concentrations (parts per million; ppm) from 1880 
until 2010. Temperature values represent the annual mean, with blue bars being below and 
red bars being above the baseline calculated from the 1961 to 1990. Figure from 
ncdc.noaa.gov. 
 
One traceable response of the climate system to the anthropogenic CO2 release is global 
warming (Karl et al. 2003). Over the last 100 years, global temperatures have increased by 
about 0.8 °C, with a rate of about 0.2 °C per decade over the last three decades (Fig. 1; 
Hansen et al. 2006). Ecological responses to climate change, ranging from polar to tropical 
systems, are already visible today (Walther et al. 2002). The predicted increase in global 
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temperatures of around 4 °C until 2100 (A1FI scenario; IPCC 2013) will further impose 
strong changes on the structure and functioning of ecosystems. 
  
1.2 Implications of rising pCO2 on the oceans  
The release of CO2 into the atmosphere and the associated global warming also affect the 
oceans, which cover 71 % of the earth’s surface (http://www.noaa.gov/ocean.html). The 
oceans act as buffer in two ways, absorbing both heat and CO2 from the atmosphere. Levitus 
et al. (2012) estimated that during the period from 1955 to 2010, the upper 2000 m of the 
oceans have warmed on average by about 0.1 °C. Although this increase seems small, 
putting the absorbed heat into perspective by transferring it into the lower 10 km of the 
atmosphere this would result in a temperature increase of 36 °C (Levitus et al. 2012). With 
the expected increase in atmospheric temperatures of up to 4 °C until 2100 (IPCC 2013), the 
oceans will absorb even more heat, which will alter physical, chemical as well as biological 
processes. In the low- and mid-latitude oceans, for instance, an increased vertical 
stratification may decrease the nutrient re-supply from nutrient-rich ocean bottom waters 
and, as most phytoplankton need a vertical nutrient transport to uphold productivity 
(Behrenfeld et al. 2006), thereby lowering primary production (Le Quéré et al. 2003; 
Sarmiento et al. 2004; Polovina et al. 2008). 
Besides heat buffering, the oceans have a capacity to sequester large amounts of CO2. 
From 1800 to 1994, this resulted in the uptake of around one third of anthropogenic CO2 
released into the atmosphere (Sabine and Feely 2007). Without the oceanic CO2 uptake, 
concentrations in the atmosphere would have already exceeded 450 μatm at present-day 
(Doney et al. 2009). By taking up CO2 from the atmosphere, however, the ocean surface 
waters become more acidic, which is commonly referred to as ‘ocean acidification’ (OA; 
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Caldeira and Wickett 2003) or ‘the other CO2 problem’ (Henderson 2006; Doney et al. 
2009). Its effect on ecological processes, such as biodiversity or productivity, has since then 
been the focus of many studies. From 2004 until present, the number of publications on OA 
increased exponentially from about 20 to over 500 articles per year, respectively (Riebesell 
and Gattuso 2015). 
 
1.3 Carbonate chemistry of seawater 
CO2 in the surface oceans equilibrates with the atmosphere through air-sea gas exchange. 
Besides atmospheric CO2 levels, fluxes of CO2 between ocean and atmosphere depend on the 
temperature- and salinity-dependent solubility constant K0 (according to Henry’s law). 
Unlike many other gases, such as O2 and N2, CO2 does not only dissolve in water, but reacts 
with H2O molecules and dissociates into several inorganic carbon (Ci) forms. In seawater, 
CO2 (aq) and H2O lead to the formation of carbonic acid (H2CO3), which due to its instability 
dissociates into bicarbonate (HCO3
-) and carbonate (CO3
2-) ions and protons (H+) (Eq. 1).  
 
??????? ????? ? ????? ? ????? ???? ? ?????? ????  Eq. 1 
 
where K1 and K2 are the temperature-, salinity-, and pressure-dependent equilibrium 
constants of carbonic acid. The sum of the Ci forms is defined as dissolved inorganic carbon 
(DIC), but the relative contribution of each Ci form to DIC varies. As H2CO3 accounts for 
less than 0.3 % of CO2 (aq) and both forms cannot chemically be distinguished from each 
other, H2CO3 is commonly subsumed in the term CO2 (Zeebe and Wolf-Gladrow 2001). At a 
typical surface seawater pH of around 8.1 (with T=25 °C, S=35), CO2 contributes about 1 % 
to DIC, HCO3
- about 90 %, and CO3
2- about 9 %.  
K1 K2 
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Besides its dependency on temperature, salinity, and pressure, the contribution of the Ci 
forms to total DIC depends on total alkalinity (TA), which is also referred to as the proton 
buffer capacity of the water. TA can furthermore be defined as the excess of H+ acceptors 
over H+ donors with respect to a zero level of H+ (Dickson 1981). Wolf-Gladrow et al. 
(2007) expressed TA in an explicit conservative way in terms of charge neutrality of major 
ions and acid base species: 
 
          ???? ? ????? ? ???????? ? ???????? ?????? ? ??????? ??? 
                              ??????? ??????? ? ?????? ???   
                                          ???????? ???????? ? ??????? ? ????? ? ???????      Eq. 2 
 
The advantage of the latter definition is that it permits to judge consequences of biological 
processes on TA. For instance, calcification (i.e. the production of CaCO3) will remove two 
positive charges from solution (i.e. Ca2+) and thereby decreases TA by two units. 
Assimilation of one unit nitrate, on the other hand, increases TA by one unit (Eq. 2). These 
effects are illustrated in Figure 2.  
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Fig. 2: Effects of biotic and abiotic processes on total alkalinity (TA) and dissolved 
inorganic carbon (DIC) concentrations in marine seawater. After Zeebe and Wolf-Gladrow 
(2001). 
Increased CO2 emissions will alter the dissolution of CO2 in seawater, leading to a 
decrease in CO3
2- and an increase in CO2 (aq), HCO3
- and H+, the latter being the decisive 
factor for the drop in seawater pH. Until 2100, seawater pH is projected to decrease by 0.3 
units from around 8.1 to 7.8 (Fig. 3; IPCC 2013).  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3: Anticipated changes in carbonate chemistry in the surface ocean layer as a result from 
increasing atmospheric CO2 concentrations, based on the IS92a Scenario (IPCC 1992). 
Modified after Wolf-Gladrow et al. (1999). 
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1.4 The ocean carbon cycle 
 
Through air-sea gas exchange, CO2 equilibrates between the atmosphere and the surface 
ocean over timescales of weeks to months (Falkowski et al. 2000). Biological activity in the 
upper mixed layer can strongly alter surface ocean DIC concentrations. Below 300 m depth, 
concentrations notably increase relative to surface ocean DIC, which can be attributed to the 
solubility pump and biological pumps (Volk and Hoffert 1985; Sarmiento et al. 1995). Here, 
the term ‘pump’ indicates transportation of carbon to depth building a vertical DIC gradient. 
CO2 is more soluble in cold waters, promoting dissolution of CO2 in seawater at high 
latitudes. This cold, dense, and CO2-rich surface water sinks to the depths of the oceans. 
Once it is transported laterally, the overlaying lighter waters prevent re-equilibration with the 
atmosphere (Falkowski et al. 2000). Yet, this process explains only a quarter of the observed 
vertical DIC gradient. The remaining 75 % can be attributed to the biological pumps. 
Primary production in the surface layer leads to the fixation of roughly 45 gigatons inorganic 
carbon per year and thereby reduces surface ocean DIC concentrations (Falkowski et al. 
1998). While most of the organic matter is remineralized in the surface, up to 11 gigatons 
organic carbon (i.e. about 25 %) is exported into deeper layers and out of the upper mixed 
layer (Schlitzer 2000), while only 1 to 3 % of reaches the ocean floor, building up carbon-
rich sediments (De La Rocha and Passow 2007). 
 Phytoplankton are relatively flexible in terms of dealing with different nutrient conditions. 
Still, formation of particulate organic matter requires the supply of nutrients in a certain 
proportion in the oceans and therefore nutrient availability strongly impacts biochemical 
cycles (Smetacek 1999). The Redfield ratio denotes the mean elemental ratio in marine 
phytoplankton of 106 (carbon) : 16 (nitrogen) : 1 (phosphorus) and the same N : P ratio in 
ocean deep waters (Redfield 1958; Redfield et al. 1963). Deviations from the Redfield ratio 
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are often used as an indication for metabolic demands or nutrient limitations by organisms 
(Sterner & Elser 2002; Klausmeier et al. 2004). Nitrogen and phosphorus are key nutrients 
required for the maintenance of metabolic processes and thus growth. Their surface 
concentrations, however, are low in large areas of the present-day oceans (e.g. nitrate; Fig. 4) 
and often limit primary production (Elser et al. 2007; Moore et al. 2013). 
 
 
Fig. 4: Average nitrate concentrations (μmol L-1) in the upper 10 meter of the world oceans 
from July to September, ranging from almost zero in the tropics and subtropics to about 15 in 
the Arctic and 40 μmol L-1 in the Antarctic. From World Ocean Atlas 2009. 
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1.5 The ocean nitrogen cycle 
In the oceanic nitrogen pool, 95 % is present in the form of dissolved dinitrogen (N2), which 
is an inert molecule and only accessible to diazotrophs (Capone et al. 1997; Mahaffey et al. 
2005). The remaining 5 % comprises more reactive forms, e.g. nitrate (NO3
-), nitrite (NO2
-), 
ammonium (NH4
+), and dissolved organic nitrogen forms. Metabolism from most 
phytoplankton species rely on the availability of NO3
-, NO2
-, and NH4
+ as nitrogen sources, 
which due to their low abundance often limit primary production in the open oceans. NO3
- is 
supplied to the surface oceans via upwelling events of NO3
--rich bottom waters that are 
formed through remineralization of sunken particulate organic matter in the deep oceans 
(Voss et al. 2013). Once upwelled, these suddenly available NO3
- molecules (new nutrients) 
are considered to support “new” production. Another process supporting new production is 
provided by N2-fixating diazotrophs. In warm, oligotrophic regions, diazotrophs can be 
responsible for more than 50 % of net production (Capone et al. 1997). At end of a 
phytoplankton spring bloom, new production can be as high as 80 %, while the remaining 20 
% of particulate organic matter originates from recycled nitrogen (mainly NH4
+) in the 
surface oceans (Eppley and Peterson 1979). In contrast to new production, a recycling of 
nutrients in the food web in the upper mixed layer will not alter net production and is thus 
termed “regenerated” production (Dugdale and Goering 1967). 
 It is crucial to understand the cycling of major nutrients in the oceans in order to 
understand the carbon cycle and vice versa. The knowledge of a connection between them 
reaches back to the classical paper of Redfield (1958) and shows the interweaving of 
biologically required nutrients such as carbon, nitrogen and phosphorus. Being part of global 
change, the increase in thermal stratification and the accompanied decrease in nutrient re-
supply from ocean deep waters (Le Quéré et al. 2003; Sarmiento et al. 2004) may shift the 
Introduction 
 
10 
 
ratio between new and regenerated production. New production could decrease (Beman et al. 
2011; Hutchins et al. 2009), while regenerated production, based on NH4
+ could become 
more prominent. Either way, regions of NO3
--limited growth may expand in a future ocean, 
thereby having a tremendous effect on the biogeochemical cycle of carbon. 
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1. 6 Marine primary production and limitations therein 
Marine phytoplankton convert solar energy into chemical energy that is used to fix CO2 into 
organic compounds. They form the base of the marine food web and account for about 50 % 
of the global primary production (Falkowski et al. 1998). Briefly, Ci enters the Calvin cycle 
as CO2 via the enzyme Ribulose-1,5-bisphosphate carboxylase/ oxygenase (RubisCO), where 
it is linked to Ribulose-1,5-bisphosphate yielding two molecules of 3-phosphoglycerate. 
Using photochemically derived ATP and NADPH, 3-phosphoglycerate is transformed into 
the two molecules of the carbohydrate glyceraldehyde-3-phosphate of which one is exported 
from the Calvin cycle. Through an oxygenase reaction, RubisCO is also able to link O2 to 
Ribulose-1,5-bisphosphate, producing 2-phosphoglycolat. Although two molecules of 2-
phosphoglycolat can be recycled into one molecule of 3-phosphoglycerate, this process of 
photorespiration is very energy-demanding and produces CO2 as well as NH3 (Badger et al. 
1998). Regarding the latter, NH3 can either get lost from the amino acid pool or once more 
be assimilated, a process that requires again energy. 
 By producing energy-carrying carbohydrates, phytoplankton make the otherwise 
inaccessible and energy-poor Ci accessible to other organisms and provide the basis for the 
food web. Marine phytoplankton possess different forms of RubisCO, which vary in their 
affinity for CO2 and sensitivity to O2. Among the main eukaryotic phytoplankton groups, 
type I RubisCO is the most common form and comprises eight large and eight small 
subunits, which are encoded in the plastid and the nucleus, respectively. Dinoflagellates 
feature a type II RubisCO, which consists of only eight large subunits and coincidently 
exhibit very low CO2 affinities compared to type I (Morse et al. 1995; Badger et al. 1998). 
One reason for this low affine RubisCO may be due to the fact that dinoflagellates evolved 
around 400 million years ago, when CO2 concentrations in the atmosphere were about 
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eight times higher compared to present-day CO2 concentrations (Beardall and Raven 2004). 
Under these conditions, such poor affinities apparently came without any significant 
disadvantages. In contrast, haptophytes and diatoms (based on fossils) evolved more 
recently, their origin dates back to 200 million and 150 million years ago, respectively 
(Berner 1997; Falkowski and Raven 1997). At that time, CO2 concentrations decreased 
already by more than half compared to 400 million years ago. 
With the low equilibrium CO2 concentrations relative to total DIC concentrations and the 
low diffusion rate of CO2 in water, the effectiveness of C fixation in marine phytoplankton 
was expected to be very low, particularly in dinoflagellates (Colman et al. 2002; Dason et al. 
2004).  In the past decades, however, studies showed that many species do possess different 
mechanisms to overcome these risks of C limitation by deploying so-called carbon 
concentrating mechanisms (CCMs). These CCMs enable species to reach saturation in C 
fixation already at much lower CO2 concentrations than the affinity of their RubisCO would 
actually support (Fig. 5; Beardall and Raven 2004; Giordano et al. 2005).  
 
 
 
 
 
 
 
 
Fig. 5: Schematic overview of carbon fixation by phytoplankton (green; including a CCM) 
or isolated RubisCO (grey) in response to increasing CO2 availability. The range of present-
day CO2 concentrations is marked by dotted lines. Modified after Beardall and Raven (2004). 
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CCMs may involve active CO2 and HCO3
- uptake, as well as means to decrease CO2 leakage 
from the cell. The usage of carbonic anhydrase (CA) may further support the accumulation 
of Ci in the cell. More specifcally, CA can be extracellular, where it accelerates the 
equlibration of CO2 and HCO3
- in boundary layer of the cell. This may be favorable 
particularly for CO2-using phytoplankton, as it preserves the availability of CO2 for uptake. 
Inside the cell, CA falilates CO2 at the side of RubisCO and is involved in means to reduce 
the loss of Ci from the cell. 
 Within the group of dinoflagellates, effective CCMs were found (Leggat et al. 1999; Rost 
et al. 2006; Ratti et al. 2007). With respect to the type II RubisCO and its low CO2 affinity 
and low CO2 to O2 sensitivity, this mechanism may be crucial for dinoflagellates to persist 
under present-day CO2 concentrations. Yet, depending on the mode, CCMs require most of 
the energy resources of a cell implying that the investment in Ci acquisition may have a 
profound effect on the fitness of species and the costs for growth  (Raven et al. 2004). In 
view of the annual succession of phytoplankton, dinoflagellates bloom relatively late in low-
nutrient and less turbulent waters (Margalef 1978), indicating that within this group of 
phytoplankton, other traits may play a vital role in its persistence as well. 
 
1.7 Harmful algal blooms in a future ocean 
Many dinoflagellate species have the ability to form harmful algal blooms (HABs; 
Burkholder 1998; Granéli and Turner 2006). It has to be noted, however, that the HAB 
criteria represent more a societal concept than a scientific definition, and comprise algal 
blooms with the potential to cause injury to human health or socioeconomic interests, or 
components of aquatic ecosystems (Anderson et al. 2012a). Among the group of 
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dinoflagellates, the genus Alexandrium and Dinophysis are classified as very toxic, causing 
“paralytic shellfish poisoning” (PSP) and “diarrhetic shellfish poisoning”, respectively. With 
regard to diversity, distribution, and toxin production, Alexandrium is considered as one the 
most important HAB species having biggest impact on human intoxications and death from 
contaminated shellfish (Anderson et al. 2012b). This can be attributed to the production of 
saxitoxin (STX) and its analogues, most importantly neosaxitoxin (NEO), and the less toxic 
gonyautoxins (GTX 1-4) (Anderson et al. 2012b). The fact that toxin analogues vary in their 
toxicity (Wiese et al. 2010) makes it important to determine both total toxin production and 
toxin composition when determining the threat from HAB species. The success of 
cosmopolitan dinoflagellates such as the genus Alexandrium is, however, not only facilitated 
by their ability to produce toxic and allelopathic compounds, but furthermore the result of 
their vast genetic and phenotypic diversity and their capability to form resting cysts 
(Masseret et al. 2009; John et al. 2014). In addition, many dinoflagellate species can actively 
prevent nutrient limitation on a short-term basis through mixotrophy (Jeong et al. 2005) and 
by exhibiting a swim strategy (MacIntyre et al. 1997). Formation of (temporary) cysts has 
also been observed in many species and allows them to survive unfavorable nutrient 
conditions as well as predator-prey interactions (Fistarol et al. 2004). 
In the last decades, the frequency of PSP toxin producing HABs have strongly increased 
(Fig. 6; Anderson et al. 2012a). While the occurrence of HAB events could in some cases be 
directly linked to eutrophication (Glibert et al. 2008), in other cases it could not and may be 
attributed to the increase in monitoring effort as well as the greater awareness due to the 
steady increase in shellfish farming (Anderson et al. 2008). An increase in the frequency of 
HABs may also derive from the anticipated changes in ocean carbonate chemistry, i.e. 
enhanced growth and photosynthesis of HAB species as a result of increasing CO2 
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availability (Fu et al. 2012) or lowered pH values (Hansen et al. 2007). CCMs are active 
processes demanding for ATP, and with an increasing availability of CO2, the energetic costs 
for C acquisition and transport are expected to decrease, resulting in more energy being 
available for other growth processes (Beardall and Giordano 2002). The few studies, which 
investigated the responses of OA on toxin production and toxin composition in HAB species 
show differential effects, indicating that underlying processes are not yet well understood (Fu 
et al. 2012; Kremp et al. 2012; Van de Waal et al. 2014). Toxin levels in algae were 
furthermore shown to vary depending on the nutrient concentrations in the water. The 
production of PSP toxins, for instance, strongly depends on nitrogen or phosphorus 
availability (Boyer et al. 1987; Cembella 1998; Van de Waal et al. 2013).  
With respect to the genetic and phenotypic diversity and the various traits found among 
dinoflagellate species (e.g. mixotrophy, formation of resting cysts, swim strategy), there is a 
big knowledge gap of how OA and other environmental drivers involved in global change 
may favor the occurrence, frequency and magnitude of HABs (Wells et al. 2015). The 
interplay of OA and N limitation for example, has so far not been tested on dinoflagellates, 
which makes predictions for the future ocean in the end imprecise.   
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Fig. 6: Harmful algal bloom events (red dots) of paralytic shellfish poisoning toxins 
worldwide until 1970 (A) and 2006 (B). From U.S. National office for Harmful Algal 
Blooms. 
 
A 
B 
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1.8 Aim of this thesis 
In the last decades, the number of studies investigating the effects of OA on marine biota has 
strongly enhanced our knowledge e.g. on CO2-dependent regulation of the C acquisition in 
phytoplankton. Yet, there is a strong imbalance of studies between the major groups of 
phytoplankton. For instance, still relatively little is known about the group of dinoflagellates. 
While earlier work suggested that this taxon may be particularly prone to C limitation 
(Coleman et al. 2002), more recent studies determined effective CCMs in many species, 
allowing them to overcome potential C limitation during photosynthesis (Rost et al. 2006).  
In the first study of this thesis, responses of two ecologically important dinoflagellates 
species (i.e. the toxic Alexandrium fundyense and calcifying Scrippsiella trochoidea) towards 
increasing pCO2 were therefore tested. To understand the measured growth responses and 
furthermore to characterize their specific CCMs, membrane-inlet mass spectrometry (MIMS) 
was performed. This approach yields rates for physiological key processes such as 
photosynthetic O2 evolution, respiration, CO2 and HCO3
- fluxes, as well as CA activities. 
Unravelling these processes provided the basis for explaining their responsiveness towards 
different pCO2 conditions. 
 The second study was motivated by observations that global change also involves an 
increase in thermal stratification of the surface oceans, reducing nutrient re-supply with 
nutrient-rich deep waters. Thus, responses of both dinoflagellate species to OA combined 
with N limitation were tested using chemostat incubations. In a high CO2 environment, 
down-regulation of costly and under these conditions partly ‘expendable’ processes, such as 
CCMs, may allow for a reallocation of energy into other cellular processes. Under N 
limitation, this led to CO2-dependent changes in N assimilation, which affected elemental 
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composition, N affinity as well as toxicity. Such changes may have strong ecological 
consequences for future HAB events. 
 A third study assessed the effects of OA on primary production during a five-month 
period in an outdoor mesocosm experiment of a coastal North Sea phytoplankton 
community. My motivation was to ‘zoom out’ from my previous approach of investigating 
single cell processes, and to acknowledge that the oceans comprise more than a 2 L bottle. 
The duration of the experiment was designed to allow for changes to occur in species 
composition, abundance, and succession, and thus leading to a restructuring in a coastal 
marine food web. The findings suggest that OA may have a stimulating effect on the 
productivity and biomass build-up of phytoplankton during two consecutive bloom events, 
though the effects were small and mainly present under severe N limitation. OA also led to a 
change in the phytoplankton community structure (Bach et al. 2016). So, although effects of 
OA on primary production were small, it may restructure phytoplankton communities in the 
future coastal North Sea with likely consequences for higher trophic levels. 
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Abstract 
We studied the effect of ocean acidification (OA) on a coastal North Sea plankton community in 
a long-term mesocosm CO2-enrichment experiment. This BIOACID II long-term mesocosm 
study was conducted from March to July 2013, for which 10 mesocosms of 19 m length with a 
volume of 47.5 to 55.9 m3 were deployed in the Gullmar Fjord, Sweden. CO2 concentrations 
were enriched in five mesocosms to reach average CO2 partial pressures (pCO2) of 760 μatm. 
The remaining five mesocosms were used as control at ambient pCO2 of 380 μatm. Our paper is 
part of a PLOS collection about this experiment. Here, we tested the effect of OA on total 
primary production (PPT) by performing 
14C-based bottle incubations for 24 h. Furthermore, 
photoacclimation was assessed by conducting 14C-based photosynthesis-irradiance response (P/I) 
curves. Changes in chlorophyll a concentrations over time were reflected in the development of 
PPT, and showed higher phytoplankton biomass build-up under OA. We observed two subsequent 
phytoplankton blooms in all mesocosms, with peaks in PPT around day 33 and day 56. OA had 
no significant effect on PPT, except for a marginal increase during the second phytoplankton 
bloom when inorganic nutrients were already depleted. Maximum light use efficiencies and light 
saturation indices calculated from the P/I curves changed simultaneously in all mesocosms, and 
suggest that OA did not alter phytoplankton photoacclimation. Despite large variability in time-
integrated productivity estimates among replicates, our overall results indicate that coastal 
phytoplankton communities can be affected by OA at certain times of the seasonal succession 
with potential consequences for ecosystem functioning.  
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Introduction 
Atmospheric CO2 partial pressure (pCO2) is currently rising at an unprecedented rate due to 
anthropogenic activities. This leads to enhanced CO2 uptake by the oceans and a decrease in 
ocean surface water pH, referred to as ocean acidification (OA) [1,2]. From 1765 until 1994, pH 
values were calculated to have already decreased by 0.08 units. Present-day CO2 concentrations 
of around 400 μatm are predicted to more than double by the year 2100, which will result in a 
further acidification of the ocean [3]. After the Polar Oceans, the North Atlantic is expected to 
show strongest changes in response to rising pCO2 [3,4]. As a major sink of anthropogenic CO2, 
the North Atlantic Ocean basin stores almost a quarter of the global oceanic anthropogenic CO2, 
although covering only 15% of the global ocean area [5]. The projected changes in ocean 
carbonate chemistry may thus not only have strong effects on the marine biota, but also on the 
oceanic carbon cycling. 
Phytoplankton take up inorganic carbon (Ci) in the photic zone and fix it into organic 
compounds, thereby providing a carbon and energy source for higher trophic levels. The key 
enzyme of carbon fixation, the CO2-binding enzyme Ribulose 1,5-bisphosphate 
Carboxylase/Oxygenase (RubisCO), exhibits a generally low affinity for its substrate CO2 [6-8]. 
To avoid Ci limitation, many phytoplankton species operate carbon concentrating mechanisms 
(CCMs) [9,10]. The efficiency in CO2 fixation depends on both the type of RubisCO as well as 
the mode of CCMs so that the response of phytoplankton to OA cannot be generalized across 
taxa [11-13]. Various studies have provided mechanistic insights into the CO2-dependent 
regulation of CCMs and thus CO2 fixation over a range of phytoplankton species [e.g. 14-16]. 
Besides species-specific differences, also strains of the same species may respond differently 
[e.g. 17-19], which further complicates predictions on OA-driven changes in primary production. 
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To test these effects directly, numerous studies have exposed natural phytoplankton 
communities to high pCO2, either in bottle incubations or mesocosms, often finding higher rates 
of CO2 fixation under OA [20]. In these experiments, which lasted only a couple of days up to a 
month, the effects were yet relatively small. Here, we investigated the impact of OA on primary 
production by a natural phytoplankton community over an entire winter-to-summer succession. 
Experiments were performed in large scale mesocosms, deployed in the Gullmar Fjord located in 
Southwest Sweden at the Skagerrak coast in 2013 [21]. Depending on the wind direction and 
tides, the fjord consists of high saline bottom water from the North Atlantic, a low salinity thin 
surface layer fed with water from the river Örekil, and in between a layer fed by the Baltic 
current. Monitoring data from over 100 years have shown that the phytoplankton spring 
community in the Gullmar Fjord is typically dominated by diatoms, whereas summer blooms 
often comprise dinoflagellates [22,23]. We assessed primary production of the phytoplankton 
community from the mesocosms as well as the fjord by applying 14C incubations over 24 h [24]. 
We furthermore assessed the light dependency of CO2 fixation by performing photosynthesis-
irradiance response curves in short incubations (80 min.).  
Publication III 
 
52 
 
Material and methods 
The KOSMOS 2013 mesocosm experiment was performed in the Gullmar Fjord (Kristineberg, 
Sweden) from March until July 2013 as part of the project BIOACID (Biological Impacts of 
Ocean ACIDification) phase II. Ten mesocosms were deployed near Kristineberg, with 
permission from the Sven Lovén Centre for Marine Infrastructure. The mesocosms were 
cylindrical polyurethane bags with a 2 m diameter mounted in a floatation frame [25]. The bags 
reached a depth of 17 m and were closed at the bottom with a 2 m long conical sediment 
trap [26]. Two days prior to the experiment (i.e. t-2), a water body was enclosed inside the 
mesocosms by lifting the upper end about one meter above the surface. 
All mesocosms had a salinity of about 29, and nitrate, phosphate and silicate concentrations 
of about 7, 0.8, and 10 μmol L-1, respectively. CO2 enrichment was conducted on t-1 and t0, for 
which sterile-filtered and CO2-saturated seawater from the Gullmar Fjord was added to five 
mesocosms (M2, M4, M6, M7, M8). The remaining five mesocosms (M1, M3, M5, M9, M10) 
were treated as controls and received no CO2-enriched seawater. Average pCO2 (based on 
dissolved inorganic carbon (DIC) and spectrophotometric pHT measurements) in the ‘low’ and 
‘high’ CO2 treatments were about 380 and 760 μatm, respectively. The systems were open and 
allowed a gas exchange at the sea surface. To account for CO2 losses to the atmosphere by 
outgassing and for CO2 consumption by primary production, CO2 was added on a regular basis to 
the ‘high’ CO2 treatments. As a consequence, CO2 concentrations remained above the control 
treatment at all times (for more details see [21]). Sampling of seawater from each mesocosm was 
done with a depth-integrated water sampler (Hydro-Bios). After initial sampling on t0 and t1, 
samples were taken every other day until t109 (i.e. t3, t5, t7 etc.). For further information on the 
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design and set-up of the experiment, as well as the CO2 perturbation and sampling techniques, we 
refer to [21].  
 
Sampling for primary production 
For our measurements, integrated water samples from 0–17 m depth were taken in a four day 
interval (i.e. t1, t5, t9, etc.) from each of the ten mesocosms, and an additional sample was taken 
from the fjord. Sampling usually took place between 9 and 12 a.m. and aliquots from well mixed 
water samples were filled in gas-tight and headspace-free bottles (Schott) of 250 mL (for the 24 h 
incubations) and 500 mL (for the photosynthesis-irradiance response (P/I) curves). Samples were 
brought directly to the laboratory, where they were gently filtered over a 500 μm mesh-size filter 
to remove larger zooplankton from the samples, and were kept at the in situ water temperature 
until incubations started. Over the course of the entire experiment, the temperature in the fjord 
increased from 1.5 °C at t1 towards 15.5 °C at t109, and we adjusted the incubation temperatures 
accordingly (Fig. 1A). Only at the beginning of the experiment, when productivity and biomass 
was still low, we could not fully match the temperature from the fjord as our incubator was not 
able to maintain temperatures below 4 °C. Light was provided by daylight tubes (OSRAM) from 
the side in a 16:8 h light-dark cycle. To account for the increase in light intensities over the 
course of the experiment in the mesocosms, the light intensity was stepwise increased in the 
incubator (Fig. 1B). Using a spherical micro quantum sensor (Walz), we increased the photon 
flux density (PFD) every 16 days (i.e. after 4 sampling days) by about 20 μmol photons m-2 s-1, 
starting with around 100 μmol photons m-2 s-1 at t1 and ending with 240 μmol photons m-2 s-1 at 
t109. 
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Fig. 1. Mean temperature in mesocosms (grey diamonds) and during 14C incubations (black 
triangles) (A), and incoming light (PAR) at the Kristineberg field station around midday 
(http://www.weather.loven.gu.se/kristineberg/en; grey lines) and during 14C-based 24 h 
incubations (black triangles) (B). Triangles indicate the mean ± SD of three light measurements 
from the bottom, middle and top of a representative incubation vial. 
 
Primary production measurements 
Primary production experiments did not involve endangered or protected species. Primary 
productivity was measured according to Steeman Nielsen [24]. Despite limitations [27], this 
approach has remained the method of choice, especially for field work, as it allows assessing 
rates even at times of low productivity. One has to keep in mind, however, that measured rates 
have different meanings depending on the incubation time [27]. In our 80 min. incubations for 
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14C-based photosynthesis-irradiance response (P/I) curves, we obtained rates of gross primary 
production because there is only little loss of incorporated 14C via respiration and exudation over 
such short timescales. In our 24 h incubations for the 14C-based primary production 
measurements, respiration lowers the 14C incorporation and thus net rates of primary production 
are obtained. To account for fixed 14C ending up in the dissolved phase, which can be a 
significant proportion under nutrient deplete conditions, we included values of the filtrate in our 
PPT estimates. 
 
14C-based primary production measurements 
For the 24 h incubations, 40 mL sample volumes were spiked with 20 μL of 14C-labeled sodium 
bicarbonate (NaH14CO3; from a 1 mCi mL
-1 = 37 MBq mL-1 stock solution; PerkinElmer). Two 
incubation vials for each mesocosm, and the fjord water, were prepared accordingly (i.e. 22 vials 
in total, of which 11 were used for the light and the remaining 11 for the dark incubations). 
Determination of total 14C-spike addition was done from an extra 40 mL 14C-spiked water 
sample. For this purpose, 1 mL was directly transferred into a 20 mL scintillation vial 
(PerkinElmer) containing 10 mL scintillation cocktail (Ultima Gold AB; PerkinElmer) and 
counted in a liquid scintillation analyzer (Beckman LS6500). Blank determination was done by 
transferring 1 mL from the extra 14C-spiked water sample into 6 mL of 6 M HCl, which degassed 
for 48 h and was then counted after adding 10 mL scintillation cocktail. All incubations were 
placed on an orbital shaker in a temperature-controlled incubator.  
Incubations were stopped after 24 h by vacuum filtration onto GF/F filters (Whatman). To 
estimate the amount of Ci fixation into particulate organic carbon (POC), filters were rinsed twice 
with 20 mL of sterile filtered seawater (0.2 μm), and subsequently placed in scintillation vials 
containing 300 μL of 3 M HCl to remove 14C-labeled DIC. To estimate the amount of Ci fixation 
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ending up in the pool of dissolved organic carbon (DOC), 6 mL of filtrate was transferred into a 
scintillation vial, acidified with 1 mL 6 M HCl, and placed under a fume hood for 48 hours for 
degassing DI14C. Prior to measurements, 10 mL of scintillation cocktail was added to each vial 
and filter, thoroughly mixed, and counted in a liquid scintillation analyzer. Primary production 
(PP) was calculated according to: 
?? ? ?????????????????? ??????????????????????????????        eq. 1 
where DPM represents the decays per minute and t represents time. Correction for non-specific 
14C fixation in the dark was done by subtracting dark incubations from light incubations. Dark 
14C fixation accounted for about 1 to 6 % of the light incubations during times of high and low 
productivity, respectively. Based on the phytoplankton community composition [21], some 
primary producers were smaller than the pore size of our filters (i.e. <0.7 μm). We therefore 
reported total primary production (PPT; μmol C L
-1 h-1) from the 24 h incubations as the sum of 
CO2 fixation into POC and DOC. 
 
14C-based photosynthesis-irradiance response curves  
For the photosynthesis-irradiance response (P/I) curves, 300 mL sample volume from each 
mesocosm was spiked with 100 μCi of NaH14CO3
- (PerkinElmer) and subdivided into seven 
40 mL glass vials. From the remaining 14C-spiked seawater, 200 μL aliquots were transferred into 
a 10 mL scintillation cocktail to determine total spike addition for each P/I curve. While one vial 
was incubated in the dark, the six remaining vials were exposed to increased light intensities 
ranging from about 10 to 700 μmol photons m-2 s-1 in a custom-made photosynthetron. Light was 
supplied from below and the PFD was assessed prior to each experimental day. The 
photosynthetron was placed in the same incubator as the 24 h incubations. Additional 
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temperature control was achieved via a water bath connected to the sample holder. After an 
incubation time of 80 min. at the respective light conditions, samples were filtered on GF/F filters 
(Whatman). Analysis of PO14C was determined following the same procedure as for the 24 h 
incubations and data was fitted according to: 
????? ? ?????? ? ? ? ?? ? ?????????????       eq. 2 
where Pmax is the light-saturated rate of photosynthesis, α is the light-limited (i.e. initial) slope of 
the P/I curve representing the maximum light-use efficiency, I is the irradiance, and Ik is the light 
saturation index. Rates of PPP/I were normalized to chlorophyll a (Chl a) concentrations in the 
samples from the particular day and mesocosm [21]. 
 
Statistics 
Differences in PPT, Chl a, Pmax, Ik and α between the CO2 treatments were tested over time by a 
two-way repeated measures Analysis of Variance (rmANOVA), and the association between PPT 
and Chl a was tested by Pearson product-moment correlations. Variables were log+1 or square 
root transformed if this improved normality or homogeneity of variances, as tested by the 
Shapiro-Wilk test or Levene’s test, respectively. All statistics were performed with Sigmaplot 
12.5 (Systat).   
 
Results 
Total primary production 
For the first three weeks of the experiment, estimates on PPT were lower in the mesocosms than 
in the fjord (Fig. 2A). All mesocosms showed comparable development in PPT, with an initial 
period of low productivity (phase I, t1-t16), a first spring bloom of highest productivity around 
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t33 (phase II, t17-t40), followed by a second bloom of highest productivity around t57 (phase III, 
t41-77), and a subsequent period of low productivity until the end of the experiment (phase IV, 
t78-t109; Fig. 2A, Table 1). Dynamics in primary production in the mesocosms differed from that 
in the fjord. For example, PPT was higher in the fjord during phase I, while PPT was higher in the 
mesocosms during phase II. Also, a small increase in PPT present in the fjord at the start of phase 
IV was lacking in the mesocosms (Fig. 2A).  
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Fig. 2. Mean values of total primary production (from 14C-based 24 h incubations; A) and 
chlorophyll a concentrations (B) from mesocosm and fjord samples. Triangles (red; high pCO2) 
and circles (blue; low pCO2) represent the mean ± SD of five biological replicates. Roman 
numbers denote the different phases of the experiment. 
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Table 1. Total primary production (μmol C L-1 d-1) in the mesocosms derived from 24 h 
incubations. Values at high pCO2 are indicated in bold letters (M2, M4, M6-8). Grey shading 
indicates the peak of the two bloom phases. 
 
Julien 
day 
M1 
 
M2 
 
M3 
 
M4 
 
M5 
 
M6 
 
M7 
 
M8 
 
M9 
 
M10 
 
           
1 1.88 1.34 0.85 1.42 1.44 1.46 0.95 0.08 1.16 1.28 
5 1.75 1.97 1.29 2.04 2.15 2.58 2.12 1.96 1.82 2.26 
9 1.96 2.16 1.25 2.30 1.93 2.27 1.96 2.01 1.93 1.65 
13 1.69 1.60 1.26 2.22 2.02 2.22 1.81 1.57 1.80 1.68 
17 1.48 1.53 1.83 1.48 0.85 1.43 2.13 2.03 1.88 1.61 
21 2.63 2.15 2.04 2.46 1.77 3.07 1.34 1.66 1.34 2.72 
25 6.08 4.60 2.81 4.22 2.65 2.92 4.70 2.98 5.34 7.05 
29 9.48 6.88 4.68 8.39 3.27 6.45 7.77 3.30 7.88 10.79 
33 15.94 5.04 4.92 22.40 13.20 15.47 18.89 18.73 6.16 21.83 
37 7.70 3.40 3.29 9.70 4.05 7.62 8.37 5.65 1.45 10.47 
41 8.91 3.08 5.25 16.59 2.02 5.11 5.17 5.68 6.32 7.65 
45 5.10 2.73 6.98 5.25 2.50 5.48 5.07 3.66 5.14 5.70 
49 5.65 8.65 2.45 8.10 3.43 8.60 4.10 7.59 3.16 7.15 
53 9.01 4.90 4.93 14.08 5.80 12.51 17.43 7.65 3.89 6.41 
57 9.69 6.15 3.91 9.96 9.95 10.87 9.84 3.59 12.80 5.10 
61 6.77 7.60 2.78 13.59 3.42 6.64 13.83 9.15 7.24 10.85 
65 5.77 4.71 1.24 4.10 4.49 6.21 4.98 4.08 5.90 7.90 
69 3.13 2.54 1.06 3.80 1.85 2.83 3.69 3.17 4.55 2.97 
73 1.05 1.75 0.69 1.71 0.65 1.84 3.36 0.92 1.58 2.62 
77 3.68 0.90 0.85 1.94 0.53 1.97 1.70 1.22 1.41 2.77 
81 2.40 0.39 0.72 2.05 0.86 1.93 2.41 2.40 1.36 1.79 
85 2.16 1.28 1.35 0.88 0.75 0.98 1.07 1.01 0.65 2.49 
89 1.10 1.13 1.02 1.52 1.08 1.40 3.74 2.37 0.67 2.83 
93 0.29 0.52 0.73 1.23 0.81 0.80 1.98 0.94 0.83 0.65 
97 1.29 0.57 1.01 0.43 0.19 0.47 1.44 0.98 1.27 1.79 
101 0.83 0.63 0.41 1.02 1.30 0.64 0.44 0.95 0.50 0.52 
105 0.78 0.85 1.91 0.99 2.11 1.98 0.86 0.85 0.35 0.62 
109 1.05 1.65 0.48 0.65 1.34 0.54 1.63 1.60 0.48 0.66 
 
High pCO2 yielded higher mean estimates on PPT during both blooms, although differences 
during both blooms were not significant (Table 2). Highest PPT was observed during the first 
bloom at t33, with up to 16.1 ± 6.7 μmol C L-1 d-1 at high pCO2 and 12.4 ± 7.0 μmol C L-1 d-1 at 
low pCO2. During the second bloom, PPT amounted to highest values of 11.3 ± 5.0 μmol C L-1  
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d-1 at t53 for high pCO2, and 6.0 ± 1.9 μmol C L-1 d-1 at day t57 for low pCO2. At the peak of the 
second bloom, PPT appeared to be higher at high pCO2, though this difference was marginally 
significant and dependent on time (Table 2; rmANOVA, Time x CO2 treatment, P=0.098). 
During both blooms phases, Chl a remained unaltered in response to OA (Table 2), though at 
times showed higher concentrations at high pCO2 [21]. Furthermore, Chl a was strongly 
correlated to PPT (σ = 0.87, P < 0.0001).  
Table 2. Output of the repeated measures ANOVA for phase II, phase III, peak of bloom 1 and 
peak of bloom 2, with degrees of freedom (df), the F-value and the P-value. Significant outcomes 
are indicated with P < 0.001 (***), P < 0.01 (**), P < 0.05 (*) and P < 0.1 (∙). 
 
 Parameter Effect df F P  
Phase II 
(incl. bloom 1; 
t17-t40) 
PPT (μmol C L-1 d-1) CO2 treatment   1   0.278   0.612 
 Time   5 38.060 <0.001*** 
 Time x CO2 treatment   5   0.814   0.547 
Chl a (μg Chl a L-1) CO2 treatment   1   0.228   0.646 
 Time   5 13.818 <0.001*** 
 Time x CO2 treatment   5   0.245   0.940 
Pmax (μg C (μg Chl a)-1 h-1) CO2 treatment   1   0.845   0.383 
 Time   5 15.796 <0.001*** 
 Time x CO2 treatment   5   0.497   0.776 
IK (μmol photons m-2 s-1) CO2 treatment   1   0.651   0.443 
 Time   5   2.647   0.037* 
 Time x CO2 treatment   5   0.712   0.618 
Alpha CO2 treatment   1   0.023   0.883 
 Time   5 10.814 <0.001*** 
 Time x CO2 treatment   5   0.633   0.676 
Phase III 
(incl. bloom 2; 
t41-t77) 
PPT (μmol C L-1 d-1) CO2 treatment   1   1.481   0.258 
 Time   9 26.124 <0.001*** 
 Time x CO2 treatment   9   1.566   0.142 
Chl a (μg Chl a L-1) CO2 treatment   1   0.395   0.547 
 Time   9   9.258 <0.001*** 
 Time x CO2 treatment   9   0.915   0.517 
Pmax (μg C (μg Chl a)-1 h-1) CO2 treatment   1   1.538   0.250 
 Time   9   4.126 <0.001*** 
 Time x CO2 treatment   9   0.565   0.821 
IK (μmol photons m-2 s-1) CO2 treatment   1   0.181   0.681 
 Time   9   4.544 <0.001*** 
 Time x CO2 treatment   9   0.422   0.919 
Alpha CO2 treatment   1   0.767   0.407 
 Time   9   6.914 <0.001*** 
 Time x CO2 treatment   9   1.338   0.233 
Peak of bloom 1 
(t29-t33) 
PPT (μmol C L-1 d-1) CO2 treatment   1   0.340   0.576 
 Time   1 13.682   0.006** 
 Time x CO2 treatment   1   1.194   0.306 
Chl a (μg Chl a L-1) CO2 treatment   1   0.092   0.769 
 Time   1 50.114 <0.001*** 
 Time x CO2 treatment   1   0.152   0.707 
Pmax (μg C (μg Chl a)-1 h-1) CO2 treatment   1   0.372   0.559 
 Time   1 38.768 <0.001*** 
 Time x CO2 treatment   1   0.017   0.899 
IK (μmol photons m-2 s-1) CO2 treatment   1   0.858   0.381 
 Time   1   0.590   0.465 
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 Time x CO2 treatment   1   0.581   0.468 
Alpha CO2 treatment   1   0.360   0.565 
 Time   1 33.248 <0.001*** 
 Time x CO2 treatment   1   0.653   0.442 
Peak of bloom 2 
(t53-t61) 
PPT (μmol C L-1 d-1) CO2 treatment   1   3.134   0.115 
 Time   2   0.099   0.907 
 Time x CO2 treatment   2   2.701   0.098∙ 
Chl a (μg Chl a L-1) CO2 treatment   1   1.200   0.305 
 Time   2   2.168   0.147 
 Time x CO2 treatment   2   2.278   0.135 
Pmax (μg C (μg Chl a)-1 h-1) CO2 treatment   1   0.506   0.497 
 Time   2   9.666   0.002** 
 Time x CO2 treatment   2   0.029   0.972 
IK (μmol photons m-2 s-1) CO2 treatment   1   0.120   0.738 
 Time   2   5.210   0.018** 
 Time x CO2 treatment   2   1.874   0.186 
Alpha CO2 treatment   1   0.072   0.795 
 Time   2   1.366   0.283 
 Time x CO2 treatment   2   0.311   0.737 
 
 
When cumulated over the experimental period of 109 days, the PPT data yielded a total of 92 ± 
29.21 and 110 ± 25.79 μmol C L-1 at low and high pCO2, respectively. In the fjord, cumulative 
PPT yielded 95 μmol C L
-1 (Fig. 3A), being more comparable to PPT in the mesocosms at low 
pCO2. The difference in cumulative PPT between low and high pCO2 was about 20% and closely 
matched the observed difference in Chl a concentration of about 15%. Consequently, no 
differences in the yields were observed when normalizing cumulated PPT to Chl a (as to account 
for changes in phytoplankton biomass). In both treatments, we observed a cumulative PPT of 
around 600 μg C (μg Chl a)-1 (Fig. 3B). Chl a-normalized cumulative PPT in the fjord was higher 
than in the mesocosms and amounted to a total of about 700 μg C (μg Chl a)-1 (Fig. 3B). 
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Fig. 3. Cumulative total primary production (from 14C-based 24 h incubations; A) and normalized 
to chlorophyll a concentrations (B) from mesocosm and fjord samples. Triangles (red; high 
pCO2) and circles (blue; low pCO2) represent the mean ± SD of five biological replicates. Roman 
numbers denote the different phases of the experiment. 
 
Photoacclimation 
P/I curves provided information on the photoacclimation of the phytoplankton communities in 
the mesocosms and the fjord. Pmax was on average 3.17 ± 0.54 and 3.38 ± 0.26 μg C (μg Chl a)-1 
h-1 at low and high pCO2, respectively. There was no apparent CO2 effect on Pmax during both 
blooms (Table 2), which furthermore strongly varied between mesocosms and sampling days 
(Fig. 4A). Ik, indicating the light intensity at which phytoplankton shifts from light limitation to 
light saturation, changed over the course of the experiment (Fig. 4B). More specifically, in the 
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period prior to the first bloom (phase I), Ik remained around 100 μmol photons m-2 s-1 and 
increased towards the end of the first bloom phase reaching mean values of approximately 160 
and 250 μmol photons m-2 s-1 at high and low pCO2, respectively. In the course of the second 
bloom, Ik decreased resulting in lowest values of 50 μmol photons m-2 s-1 around t61 (Fig. 4), 
after which it increased again to values of around 150 μmol photons m-2 s-1 (Fig. 4B). Besides 
these general changes over the season, we did not observe a significant CO2 effect on Ik values 
during both blooms (Table 2). The maximum light-use efficiency also changed in the course of 
the phytoplankton succession. Highest α values coincided with the phytoplankton blooms during 
phases II and III and were observed around t30 and t56 in all mesocosms (Fig. 4C). Similar to the 
other parameters, there was no significant CO2 effect on α values during both blooms (Table 2).  
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Fig. 4. Light-saturated maximum rates (Pmax; A), light saturation index (Ik; B), and light-limited 
slope (alpha; C) of the photosynthesis-response irradiance curves. Triangles (high pCO2) and 
circles (low pCO2) represent the mean ± SD of five biological replicates. The grey area in Fig. B 
indicates average water column light intensities (0-19 m depth) during midday for all ten 
mesocosms. Roman numbers denote the different phases of the experiment. 
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Discussion 
We did not observe a sustained effect of OA on primary production during the investigated 
winter-to-summer plankton succession. When focusing on the peak of the second spring bloom in 
phase III, however, PPT showed a marginally significant increase under high pCO2 (Table 2). 
During this distinct phase, the availability of inorganic nutrients was low and primary production 
was fueled by in situ remineralization [21]. Integrated over the entire experimental period, OA 
yielded about 20% more CO2 fixation. Such enhanced primary production is in line with the 
higher Chl a concentration under these conditions.  
 At the onset of the experiment, concentrations of major nutrients in the mesocosms were 
higher than in the fjord (for more details, see Bach et al. [21]). The lower concentrations in the 
fjord were the result of higher primary production compared to the mesocosms right after closure 
of the mesocosms (beginning at t-2, Fig. 2). Although initial conditions in the mesocosms were 
largely comparable to the situation in the fjord, perturbations induced during the set-up of the 
mesocosms [21], e.g. the water column mixing (t0) or the establishment of CO2 treatments (t-1 
and t0), may have contributed to the delay in primary production. 
 In the mesocosms, PPT as well as Chl a concentrations remained relatively low during phase I 
and started to increase more pronounced around t20, leading to a first phytoplankton bloom with 
highest PPT around t33 (Fig. 2). During this phase II, major nutrients such as inorganic phosphate 
and nitrogen were depleted to very low values (for more details, see Bach et al. [21]). This 
nutrient depletion, particularly for nitrogen, together with grazing presumably caused the collapse 
of the phytoplankton bloom and the decrease in PPT as well as Chl a concentrations (Fig. 2). At 
the same time at the Kristineberg field station (~3 km distance to mesocosm deployment site), a 
sudden drop in the in situ light intensity was detected (Fig. 1B), coinciding with the peak of the 
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first bloom (Fig. 2A). In fact, the average water column light intensities (0–19 m depth) during 
midday for all ten mesocosms were reduced to about 35 μmol photons m−2 s−1 for several days 
(Fig. 4B), and dropped below the Ik values (about 115 μmol photons m−2 s−1). Such lower light 
levels may possibly have, at least temporally, limited photosynthesis and thereby affected the 
response of phytoplankton to low nutrient levels. While there were dynamic changes in Pmax, Ik, 
and α over the course of the phytoplankton succession (Fig. 4), there was no effect of OA on 
photoacclimation.  
 Dissolved phosphate and inorganic nitrogen concentrations remained low during phase III, 
while PPT and Chl a concentrations increased again, causing the second bloom (Fig. 2). An 
earlier study in the Gullmar Fjord also showed a relatively high primary production during 
summer months, despite low nutrient concentrations [28,29]. According to this long-term 
Gullmar Fjord time-series study, nutrients were not only derived from recycled production, but 
also from local precipitation, run-off, and input from the Kattegat [29]. As the mesocosms were 
isolated from the surrounding water, nutrient input for primary production should have derived 
from regeneration only. In fact, dissolved organic nitrogen and NH4
+ concentrations in the 
mesocosms remained low, indicating a rapid cycling of nutrients in the food web [21]. 
Interestingly, it is under these conditions of recycled production and low concentrations of 
inorganic nutrients that we observed the strongest response in PPT towards OA (Fig. 2A). Under 
nutrient-limited conditions, effects of elevated pCO2 on phytoplankton productivity, standing 
stock and community composition were often found to be stronger [30-32] and comparable 
findings were also reported with respect to iron limitation [33]. Since nitrogen, phosphorus and 
iron predominantly limit phytoplankton growth in the global surface oceans [34,35], more studies 
investigating the combined effects of elevated pCO2 and resource limitation are required to 
provide a mechanistic understanding on the impacts of OA on future primary production. 
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 Even though we did not find a consistent CO2 response over the entire winter-to-summer 
plankton succession, the stimulation in primary production under elevated pCO2 at the peak of 
the second bloom was also observed in earlier studies looking at mixed natural assemblages as 
well as monoclonal laboratory cultures. During a mesocosm study in Bergen (Norway), for 
instance, DIC uptake increased under a comparable OA scenario by about 40 % [30,36]. 
Moreover, a mesocosm study in Kongsfjorden (Svalbard, Norway) showed an OA-induced 
increase in primary production of 10 to 60% over the experimental period [37]. Such increases in 
primary production may derive from physiological changes in predominant species and/or shifts 
in community composition both leading to higher phytoplankton biomass buildup. At a higher 
taxonomic level, the phytoplankton community remained largely unaltered and was dominated by 
diatoms [21]. Under nutrient-replete as well as nutrient-limiting conditions, elevated pCO2 
resulted in an increased abundance of picoeukaryotes [21]. Specific changes within 
phytoplankton groups will be discussed elsewhere in this PLOS collection (see S1 Table in [21]). 
With regard to the dominating role of diatoms in our experiment, several studies found this group 
to enhance their Ci fixation rates in response to elevated pCO2, which was often attributed to the 
down-regulation in the CCM activities under these conditions [e.g. 38-40]. Such enhanced OA-
driven efficiencies in Ci fixation may, at least partially, have contributed to the higher 
phytoplankton biomass during the second bloom in our experiment. 
 Our results indicate an OA-dependent increase in primary production during certain times 
of the spring-to-summer phytoplankton succession, particularly under NO3
- limitation (phase III) 
being accompanied by a significant increase in picoeukaryotes during this period [21]. With 
respect to higher trophic levels, OA showed differential growth effects on several predominant 
mesozooplankton species, though as a whole, the community remained rather unaltered under 
OA (Algueró-Muñiz et al. in prep.). OA led, however, to an increase in the survival rate of 
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herring larvae (being planted in the mesocosms on t63), which could be linked to higher prey 
abundances (Sswat et al. in prep.). Hence, the observed changes in primary production under OA 
have a high potential to restructure phytoplankton communities in the future coastal North Sea 
with likely consequences for higher trophic levels.  
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S1 Fig. PAR (μmol m-2 s-1) inside the mesocosms during the time of the experiment. 
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S1 Table. Photoacclimation raw data obtain with the photosynthesis-irradiance response curves. 
 
Time 
(days) Mesocosm 
CO2 
treatment Parameters         
    (Low/High) PP(T) Chl a P(max) I(k) alpha 
      
(μmol C L-1 
d-1) 
(μg Chl a 
L-1) 
(μg C (μg 
Chl a)-1 h-1) 
(μmol potons 
m-2 s-1)   
1 M1 L 1.88 38.52 2.61 101 0.027 
5 M1 L 1.75 29.37 3.06 73 0.043 
9 M1 L 1.96 29.89 2.83 92 0.031 
13 M1 L 1.69 23.68 3.60 99 0.036 
17 M1 L 1.48 16.66 3.27 110 0.030 
21 M1 L 2.63 17.72 3.85 82 0.047 
25 M1 L 6.08 21.70 4.31 278 0.059 
29 M1 L 9.48 14.45 4.77 69 0.071 
33 M1 L 15.94 30.39 2.48 100 0.025 
37 M1 L 7.70 27.50 6.06 82 0.078 
41 M1 L 8.91 57.64 2.75 116 0.024 
45 M1 L 5.10 21.94 3.24 168 0.019 
49 M1 L 5.65 17.52 1.18 114 0.010 
53 M1 L 9.01 23.47 4.73 49 0.096 
57 M1 L 9.69 25.58 3.75 67 0.056 
61 M1 L 6.77 22.06 0.76 43 0.018 
65 M1 L 5.77 19.29 5.38 84 0.064 
69 M1 L 3.13 13.68 3.21 85 0.038 
73 M1 L 1.05 7.29 1.53 65 0.025 
77 M1 L 3.68 28.53 2.20 130 0.017 
81 M1 L 2.40 14.71 3.39 308 0.011 
85 M1 L 2.16 29.77 2.53 122 0.021 
89 M1 L 1.10 12.48 7.56 215 0.036 
93 M1 L 0.29 4.15 6.51 113 0.061 
97 M1 L 1.29 17.50 5.73 208 0.028 
101 M1 L 0.83 9.32 2.42 94 0.026 
105 M1 L 0.78 8.27 2.93 76 0.038 
109 M1 L 1.05 15.82 4.94 231 0.022 
1 M2 H 1.34 28.77 2.59 80 0.034 
5 M2 H 1.97 35.95 3.84 108 0.036 
9 M2 H 2.16 28.85 2.07 113 0.018 
13 M2 H 1.60 20.16 2.95 80 0.037 
17 M2 H 1.53 17.75 3.32 101 0.033 
21 M2 H 2.15 15.10 3.79 96 0.040 
25 M2 H 4.60 19.13 4.44 62 0.046 
29 M2 H 6.88 13.44 5.09 100 0.051 
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33 M2 H 5.04 18.21 1.81 91 0.020 
37 M2 H 3.40 16.24 5.81 184 0.034 
41 M2 H 3.08 22.54 3.11 92 0.035 
45 M2 H 2.73 13.09 5.39 227 0.025 
49 M2 H 8.65 28.58 3.33 219 0.015 
53 M2 H 4.90 15.54 3.54 38 0.100 
57 M2 H 6.15 26.37 2.90 69 0.042 
61 M2 H 7.60 49.53 0.98 33 0.030 
65 M2 H 4.71 27.30 5.18 30 0.024 
69 M2 H 2.54 13.32 2.65 143 0.019 
73 M2 H 1.75 14.16 1.75 92 0.020 
77 M2 H 0.90 9.96 1.21 213 0.006 
81 M2 H 0.39 3.85 2.93 186 0.016 
85 M2 H 1.28 19.82 6.12 400 0.015 
89 M2 H 1.13 15.86 3.07 75 0.041 
93 M2 H 0.52 6.82 3.42 115 0.031 
97 M2 H 0.57 9.74 2.71 120 0.024 
101 M2 H 0.63 13.40 2.59 323 0.008 
105 M2 H 0.85 6.59 3.21 116 0.028 
109 M2 H 1.65 21.11 3.50 98 0.036 
1 M3 L 0.85 18.20 3.37 143 0.024 
5 M3 L 1.29 21.28 2.71 83 0.033 
9 M3 L 1.25 17.11 2.83 196 0.014 
13 M3 L 1.26 15.22 2.49 80 0.032 
17 M3 L 1.83 23.80 4.12 139 0.030 
21 M3 L 2.04 15.29 3.33 139 0.024 
25 M3 L 2.81 11.57 3.99 104 0.034 
29 M3 L 4.68 10.87 4.64 106 0.044 
33 M3 L 4.92 19.39 1.78 181 0.010 
37 M3 L 3.29 12.00 1.752 108 0.016 
41 M3 L 5.25 24.00 1.72 35 0.050 
45 M3 L 6.98 21.50 2.44 164 0.016 
49 M3 L 2.45 8.11 0.67 35 0.019 
53 M3 L 4.93 20.31 3.31 113 0.029 
57 M3 L 3.91 18.78 3.56 68 0.055 
61 M3 L 2.78 20.75 1.53 35 0.043 
65 M3 L 1.24 16.91 3.76 55 0.076 
69 M3 L 1.06 12.63 1.47 80 0.020 
73 M3 L 0.69 8.90 0.84 52 0.019 
77 M3 L 0.85 13.45 1.69 96 0.019 
81 M3 L 0.72 7.49 1.54 81 0.020 
85 M3 L 1.35 30.32 2.53 79 0.034 
89 M3 L 1.02 19.16 4.36 208 0.021 
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93 M3 L 0.73 10.67 1.75 88 0.021 
97 M3 L 1.01 11.81 2.89 101 0.031 
101 M3 L 0.41 8.23 1.93 71 0.027 
105 M3 L 1.91 23.32 4.49 106 0.044 
109 M3 L 0.48 6.94 2.35 62 0.040 
1 M4 H 1.42 29.65 3.30 107 0.033 
5 M4 H 2.04 35.96 4.05 106 0.039 
9 M4 H 2.30 25.30 2.09 117 0.018 
13 M4 H 2.22 26.28 3.21 95 0.035 
17 M4 H 1.48 16.33 4.17 90 0.048 
21 M4 H 2.46 19.01 3.39 89 0.039 
25 M4 H 4.22 18.80 3.95 79 0.046 
29 M4 H 8.39 13.50 4.52 89 0.052 
33 M4 H 22.40 31.82 3.15 142 0.022 
37 M4 H 9.70 23.26 8.12 213 0.038 
41 M4 H 16.59 68.85 4.17 110 0.040 
45 M4 H 5.25 21.16 4.93 244 0.020 
49 M4 H 8.10 20.09 1.84 48 0.039 
53 M4 H 14.08 27.71 3.85 77 0.050 
57 M4 H 9.96 24.24 7.05 200 0.035 
61 M4 H 13.59 40.83 2.04 61 0.033 
65 M4 H 4.10 17.43 2.37 53 0.045 
69 M4 H 3.80 22.25 4.80 96 0.051 
73 M4 H 1.71 12.67 2.71 190 0.014 
77 M4 H 1.94 17.82 2.51 133 0.019 
81 M4 H 2.05 16.92 2.50 157 0.016 
85 M4 H 0.88 13.94 3.39 129 0.028 
89 M4 H 1.52 17.97 4.73 278 0.017 
93 M4 H 1.23 37.18 5.452 210 0.061 
97 M4 H 0.43 10.71 6.17 417 0.015 
101 M4 H 1.02 11.87 2.93 204 0.014 
105 M4 H 0.99 10.02 3.44 70 0.052 
109 M4 H 0.65 17.66 3.27 97 0.034 
1 M5 L 1.44 34.84 3.03 123 0.026 
5 M5 L 2.15 36.21 3.39 97 0.036 
9 M5 L 1.93 27.38 2.36 101 0.024 
13 M5 L 2.02 27.53 2.82 115 0.025 
17 M5 L 0.85 10.92 2.71 123 0.022 
21 M5 L 1.77 14.99 4.05 182 0.045 
25 M5 L 2.65 14.08 3.67 95 0.043 
29 M5 L 3.27 8.57 3.30 84 0.041 
33 M5 L 13.20 26.52 2.58 90 0.030 
37 M5 L 4.05 17.90 6.05 459 0.013 
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41 M5 L 2.02 18.10 2.59 153 0.019 
45 M5 L 2.50 15.39 2.49 219 0.011 
49 M5 L 3.43 16.52 0.69 58 0.012 
53 M5 L 5.80 25.83 3.27 71 0.050 
57 M5 L 9.95 33.33 2.66 67 0.041 
61 M5 L 3.42 17.00 1.01 61 0.017 
65 M5 L 4.49 28.96 2.25 141 0.016 
69 M5 L 1.85 19.14 1.99 92 0.023 
73 M5 L 0.65 6.85 1.40 94 0.015 
77 M5 L 0.53 11.37 1.02 121 0.010 
81 M5 L 0.86 11.87 1.59 129 0.012 
85 M5 L 0.75 15.38 2.19 63 0.035 
89 M5 L 1.08 18.52 2.55 137 0.020 
93 M5 L 0.81 19.55 1.91 131 0.015 
97 M5 L 0.19 3.48 1.26 125 0.011 
101 M5 L 1.30 27.48 3.32 103 0.032 
105 M5 L 2.11 17.21 5.54 119 0.047 
109 M5 L 1.34 10.48 1.80 95 0.019 
1 M6 H 1.46 28.91 3.10 143 0.022 
5 M6 H 2.58 40.73 3.37 63 0.054 
9 M6 H 2.27 28.72 3.13 120 0.026 
13 M6 H 2.22 26.81 2.83 80 0.036 
17 M6 H 1.43 15.67 3.41 106 0.033 
21 M6 H 3.07 22.85 2.92 86 0.034 
25 M6 H 2.92 13.60 4.83 70 0.048 
29 M6 H 6.45 12.47 6.73 111 0.062 
33 M6 H 15.47 27.60 2.83 152 0.019 
37 M6 H 7.62 23.34 5.84 127 0.047 
41 M6 H 5.11 38.90 5.65 162 0.036 
45 M6 H 5.48 22.66 3.19 87 0.038 
49 M6 H 8.60 22.98 3.62 63 0.061 
53 M6 H 12.51 30.30 3.69 93 0.039 
57 M6 H 10.87 31.08 3.11 71 0.044 
61 M6 H 6.64 24.09 2.24 70 0.034 
65 M6 H 6.21 24.01 2.32 76 0.031 
69 M6 H 2.83 13.87 2.29 76 0.030 
73 M6 H 1.84 10.57 2.40 88 0.029 
77 M6 H 1.97 18.79 2.79 159 0.018 
81 M6 H 1.93 17.99 2.91 182 0.016 
85 M6 H 0.98 15.29 1.73 82 0.021 
89 M6 H 1.40 17.69 2.54 109 0.025 
93 M6 H 0.80 16.14 3.02 121 0.026 
97 M6 H 0.47 10.00 3.35 149 0.023 
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101 M6 H 0.64 8.98 3.54 85 0.045 
105 M6 H 1.98 20.97 5.78 102 0.058 
109 M6 H 0.54 18.87 2.87 81 0.035 
1 M7 H 0.95 21.04 2.63 56 0.047 
5 M7 H 2.12 32.12 3.11 65 0.048 
9 M7 H 1.96 27.33 2.53 72 0.036 
13 M7 H 1.81 26.92 3.20 70 0.045 
17 M7 H 2.13 23.77 3.69 120 0.031 
21 M7 H 1.34 10.04 3.21 111 0.029 
25 M7 H 4.70 19.06 5.17 60 0.052 
29 M7 H 7.77 11.80 7.13 97 0.075 
33 M7 H 18.89 31.20 2.67 107 0.025 
37 M7 H 8.37 22.25 4.36 70 0.062 
41 M7 H 5.17 25.91 4.74 112 0.043 
45 M7 H 5.07 27.28 4.90 244 0.020 
49 M7 H 4.10 11.19 3.35 64 0.055 
53 M7 H 17.43 37.07 5.61 74 0.077 
57 M7 H 9.84 21.73 4.10 97 0.042 
61 M7 H 13.83 44.45 3.21 79 0.041 
65 M7 H 4.98 18.73 2.83 87 0.033 
69 M7 H 3.69 19.26 2.19 53 0.042 
73 M7 H 3.36 20.73 2.15 59 0.037 
77 M7 H 1.70 17.49 2.31 160 0.015 
81 M7 H 2.41 14.05 2.88 213 0.014 
85 M7 H 1.07 10.07 0.77 37 0.021 
89 M7 H 3.74 27.43 3.49 116 0.030 
93 M7 H 1.98 16.67 3.32 137 0.025 
97 M7 H 1.44 18.36 2.76 99 0.032 
101 M7 H 0.44 7.57 2.19 61 0.038 
105 M7 H 0.86 7.98 4.45 105 0.044 
109 M7 H 1.63 17.08 2.58 85 0.030 
1 M8 H 0.08 1.14 2.13 88 0.024 
5 M8 H 1.96 32.28 3.26 59 0.055 
9 M8 H 2.01 30.22 3.25 104 0.031 
13 M8 H 1.57 23.20 2.98 101 0.030 
17 M8 H 2.03 23.05 3.32 100 0.033 
21 M8 H 1.66 13.01 2.58 92 0.028 
25 M8 H 2.98 14.95 3.85 127 0.028 
29 M8 H 3.30 7.31 5.13 179 0.029 
33 M8 H 18.73 27.99 2.56 85 0.031 
37 M8 H 5.65 18.63 6.64 204 0.033 
41 M8 H 5.68 37.06 2.97 120 0.026 
45 M8 H 3.66 17.82 2.86 62 0.049 
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49 M8 H 7.59 16.80 2.91 118 0.025 
53 M8 H 7.65 15.44 2.24 11 0.034 
57 M8 H 3.59 7.63 2.56 64 0.040 
61 M8 H 9.15 33.62 2.35 38 0.065 
65 M8 H 4.08 22.68 3.94 116 0.035 
69 M8 H 3.17 20.60 2.54 135 0.019 
73 M8 H 0.92 6.71 2.26 89 0.026 
77 M8 H 1.22 11.72 2.51 70 0.040 
81 M8 H 2.40 14.66 2.61 146 0.018 
85 M8 H 1.01 9.16 2.97 210 0.014 
89 M8 H 2.37 39.41 1.43 87 0.017 
93 M8 H 0.94 15.75 3.59 122 0.030 
97 M8 H 0.98 14.82 3.16 91 0.038 
101 M8 H 0.95 14.82 3.25 86 0.041 
105 M8 H 0.85 7.32 4.37 95 0.048 
109 M8 H 1.60 16.81 2.92 116 0.026 
1 M9 L 1.16 27.59 3.08 93 0.033 
5 M9 L 1.82 34.03 3.62 89 0.042 
9 M9 L 1.93 27.48 2.76 95 0.030 
13 M9 L 1.80 23.38 3.22 104 0.032 
17 M9 L 1.88 20.43 3.89 80 0.049 
21 M9 L 1.34 9.09 2.49 87 0.029 
25 M9 L 5.34 19.26 4.42 69 0.053 
29 M9 L 7.88 11.58 6.34 83 0.077 
33 M9 L 6.16 17.16 1.38 62 0.023 
37 M9 L 1.45 9.50 7.88 323 0.024 
41 M9 L 6.32 75.60 3.96 158 0.026 
45 M9 L 5.14 29.26 3.88 124 0.034 
49 M9 L 3.16 10.28 3.79 170 0.023 
53 M9 L 3.89 12.73 2.11 61 0.036 
57 M9 L 12.80 52.70 1.95 80 0.025 
61 M9 L 7.24 35.15 2.04 35 0.058 
65 M9 L 5.90 29.43 4.46 89 0.050 
69 M9 L 4.55 23.50 1.71 60 0.029 
73 M9 L 1.58 10.58 2.95 161 0.018 
77 M9 L 1.41 12.92 1.95 89 0.023 
81 M9 L 1.36 12.05 1.77 101 0.018 
85 M9 L 0.65 9.22 3.18 157 0.020 
89 M9 L 0.67 10.03 6.71 114 0.061 
93 M9 L 0.83 11.38 4.08 201 0.021 
97 M9 L 1.27 21.71 3.51 157 0.024 
101 M9 L 0.50 14.61 2.94 112 0.027 
105 M9 L 0.35 12.27 4.65 128 0.036 
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109 M9 L 0.48 19.75 2.92 116 0.026 
1 M10 L 1.28 31.76 2.73 74 0.037 
5 M10 L 2.26 38.77 3.69 78 0.047 
9 M10 L 1.65 22.97 2.30 90 0.026 
13 M10 L 1.68 26.07 2.75 86 0.032 
17 M10 L 1.61 22.11 3.45 67 0.055 
21 M10 L 2.72 17.12 3.87 135 0.029 
25 M10 L 7.05 23.22 6.05 72 0.053 
29 M10 L 10.79 13.54 8.24 106 0.077 
33 M10 L 21.83 35.67 2.82 132 0.021 
37 M10 L 10.47 22.34 4.87 125 0.039 
41 M10 L 7.65 35.63 3.35 102 0.035 
45 M10 L 5.70 24.14 2.94 90 0.034 
49 M10 L 7.15 22.82 7.11 313 0.023 
53 M10 L 6.41 19.75 4.08 98 0.042 
57 M10 L 5.10 11.82 5.33 98 0.056 
61 M10 L 10.85 32.17 3.27 54 0.063 
65 M10 L 7.90 26.03 2.74 50 0.056 
69 M10 L 2.97 13.58 1.77 46 0.041 
73 M10 L 2.62 16.49 3.67 127 0.030 
77 M10 L 2.77 27.08 4.29 208 0.022 
81 M10 L 1.79 11.99 1.78 79 0.023 
85 M10 L 2.49 22.39 4.79 270 0.018 
89 M10 L 2.83 26.35 4.58 117 0.042 
93 M10 L 0.65 7.77 2.69 108 0.027 
97 M10 L 1.79 13.50 4.14 145 0.031 
101 M10 L 0.52 6.35 2.09 97 0.023 
105 M10 L 0.62 14.61 2.85 102 0.028 
109 M10 L 0.66 20.41 1.68 191 0.009 
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3.  Synthesis 
Consequences of OA are considered to be among the major environmental challenges 
mankind has to face within the next centuries (Herr et al. 2014). Although underlying 
chemical processes are well understood and changes in seawater chemistry (based on various 
CO2 emission scenarios) can be estimated for our near future, anticipated consequences of 
these changes for the marine biota are less clear (Turley and Gattuso 2012). While the 
knowledge on some groups is more advanced, others groups, like the dinoflagellates, are less 
well understood. To shed more light on this, I studied the effects of OA on the eco-
physiology of dinoflagellates under N-replete (Publication I) and N-limited conditions 
(Publication II) as well as OA effects on primary production in a coastal North Sea 
phytoplankton community (Publication III). Here, I highlight the main findings of these 
studies and furthermore point out overarching concepts that arise from these experimental 
results. 
 
3.1  Main findings of this thesis 
With a type II RubisCO, dinoflagellates possess a carboxylating enzyme with the lowest CO2 
affinities among all eukaryotic phytoplankton (Morse et al. 1995; Badger et al. 1998). Our 
studies on S. trochoidea and A. fundyense show, however, that within this group of 
dinoflagellates, effective CCMs are able to compensate for these kinetic shortcomings 
(Publication I). Our measured K1/2 values for C fixation fall in the same order of magnitude 
as those employed in diatoms, with the difference that diatoms are equipped with a highly-
affine type I RubisCO (Young et al. 2006). The consequently higher energetic costs for 
dinoflagellates in running their CCMs may partly explain why they generally exhibit lower 
growth rates and higher respiration rates (Publication I). To some extent, this could also 
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explain why diatoms often lead the succession of phytoplankton and prevail against 
dinoflagellates under nutrient-rich and well-mixed surface water. Under oligotrophic and 
more stratified conditions, which occur after the spring blooms, dinoflagellates often 
dominate (Margalef 1978). This observation can be attributed to the heterotrophic behavior 
of many dinoflagellates allowing them to use organic compounds as an additional nutrient 
source for growth (Tiselius and Kuylenstierna 1996; Waite and Lindahl 2006). Such traits 
may have greatly contributed to their overall success, i.e. occupying an ecological niche in 
which they do not have to compete with fast growing (and often energetically very efficient) 
phytoplankton species. 
We furthermore found a trade-off between maximum rates and affinities of C fixation in 
both S. trochoidea and A. fundyense (Fig. 7A; Publication I). This trade-off even subsisted 
when maximum rates and affinities of carbon fixation changed under different CO2 
environments. This relationship of having either high maximum rates or high affinities in C 
acquisition may represent fundamental constrains in enzyme kinetics, i.e. operating fast 
comes at the expense of lower substrate affinities and vice versa.   
 
 
 
 
 
 
Fig. 7: Vmax versus K1/2 of photosynthetic C fixation (A) and PON production rates versus 
half-saturation concentrations (K1/2; residual DIN concentration) of growth (B) over a range 
of pCO2 of Scrippsiella trochoidea and Alexandrium fundyense, respectively. The orange 
arrows indicate the increase in CO2 concentrations in the incubations. Figs. from publication 
I and II. 
+CO2 
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Based on the limited number of studies, however, the observed correlation shows large 
variation among the different phytoplankton groups and even appear to be absent in diatoms 
(Young et al. 2016). Further investigations on the complex catalytic mechanisms and 
potential relationships therein are needed, particularly if we want to understand how other 
phytoplankton groups, featuring different types of RubisCO and CCMs, may respond to OA. 
 Publication II also shows a trade-off that changed with pCO2, but this time dealing with N 
acquisition under N-limiting conditions. More specifically, while PON production rates were 
increased, affinities to take up DIN were lowered towards elevated pCO2 (Fig. 7B). This shift 
could imply a reduction in stress imposed by N limitation. Such changes in N assimilation 
most likely derive from the reallocation of energy from a CO2-driven down-regulation of a 
CCM. Acquiring Ci under OA may become less cost-intensive and the ‘surplus’ of energy 
can be directed into N assimilation. Interestingly, the expected benefit from elevated pCO2 
on growth and elemental composition (as well as toxin production in A. fundyense) was 
relatively small under nutrient-replete conditions. This may possibly be a result of saturated 
CO2 fixation already at low CO2 concentrations (Publication I). Nevertheless, due to the high 
energy expenditure of cells in C and N assimilation and the close linking between the C and 
N pathways (Flynn 1991), saving energy in Ci acquisition may allow for a fast redirection of 
energy resources into N acquisition.  
As illustrated in Fig. 8, during N assimilation, glutamine (Gln) reacts with 2-oxoglutarate 
(2-OG) to form two molecules of glutamate (Glu), which resembles the primary product of N 
assimilation. 2-OG derives from the tricarboxylic acid cycle (TCA), which itself is 
replenished by the primary product of C assimilation, 3-Phosphoglyceric acid (PGA). Based 
on the assumption that the CCM is down-regulated under elevated pCO2, the link between 
both C and N pathways (Fig. 8; orange arrows) may simplify the shunting of energy between 
Synthesis 
 
83 
 
Ci 
CO2
HCO
3
-
CO
2
 
CACi 
O
2
CA
CO
2
PGA
CO
2
CO
2
TCA 
NO
3
-
 
NO
2
-
 
NH
4
+
 
Gln 
2 Glu 
NO
3
-
 
NO
2
-
 
2-OG
the two pathways. In case more 2-OG is produced under elevated pCO2, it may allow a faster 
incorporation of N and provide to some extent an explanation of the results from 
publication II. The question remains which of the observed changes in Ci acquisition 
(publication I) may provide an energy source for N assimilation under elevated pCO2. One 
way to approach this question could be to perform Ci flux measurements with cultures 
acclimated to N-limiting conditions and elevated pCO2 and to compare these results with our 
findings under N-replete conditions (publication I). To perform adequate Ci flux 
measurements would, however, require much more biomass (i.e. a set-up with larger culture 
flasks) than our continuous culture system provides under N-limited conditions. So more of 
the continuous culture systems would have to be deployed simultaneously, since a simple 
increase in population densities becomes more difficult to control under steady-state 
conditions and could quickly differ from representative concentrations for natural 
assemblages of these species. 
 
 
 
 
 
 
 
 
 
Fig. 8: Schematic overview of Ci assimilation (black color) and N assimilation (green color) 
in dinoflagellates. The link between the C and N pathways is indicated in orange color. 
Modified after Van de Waal et al. (2013).  
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 Another possibility of how elevated pCO2 may lead to a reduction in energy requirements 
for N assimilation is through the increase in the CO2/O2 ratio of the environment. The 
competitive inhibition of RubisCO by O2 may consequently have been lowered. A reduction 
in photorespiration decreases the production as well as the risk to loose NH3 from the amino 
acid pool as well as the cost for re-fixation. These effects could also have contributed to the 
increased PON production in both dinoflagellates under elevated pCO2. 
In a natural community, the mode of nutrient acquisition largely determines the 
competitive ability of species. According to resource competition theory, trade-offs in 
nutrient uptake, such as were presented in publication I and II, play an important role in 
niche development and facilitate co-existence of species (Tilman 1976; Tilman et al 1980). 
Depending on the direction of shifts in such trade-offs, species may gain a competitive 
advantage or disadvantage over other species. In the oceans, there are regions where S. 
trochoidea and A. fundyense co-exist (Fistarol et al. 2004; McCollin et al. 2011). Based on 
the N uptake kinetics and the respective changes under elevated pCO2, the relative 
dominance may shift in low nutrient oceanic waters. S. trochoidea could prevail in numbers 
where it co-occurs with A. fundyense, showing higher DIN affinities (i.e. a lower K1/2) over 
the whole range of the applied pCO2 (Fig. 7). Furthermore, S. trochoidea can sustain a higher 
maximum growth rate under nutrient-replete conditions, and higher cell abundances at a 
higher dilution rate under nutrient-limiting conditions in continuous culture experiments, 
which may allow it to outgrow A. fundyense. Nonetheless, other traits can have a severe 
effect on the outcome of such experiments as well. For instance, the production of 
allelopathic compounds of A. fundyense can trigger encystment of S. trochoidea (Fistarol et 
al. 2004). In our continuous culture systems with a fixed dilution rate, this would 
automatically lead to a loss of S. trochoidea and allow A. fundyense to prevail. 
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With respect to the natural environment, predicting the competitive ability and subsequent 
dominance of species in future ocean waters is difficult, firstly, because the ocean is much 
more complex than our applied indoor experiments and secondly, due to the various species-
specific traits which can be found among dinoflagellates and the lack of knowledge on the 
impact of global change on such. Regarding toxin production (PSP toxins), which is one 
these traits, N limitation had an expected negative effect in A. fundyense. Measured quotas 
were about four times lower compared to N-replete conditions (Van de Waal et al. 2014), 
this negative effect was reduced when A. fundyense was exposed to elevated pCO2 
(publication II). Contributions of the toxin analogues STX and GTX1+4 to total toxin 
content of A. fundyense under N-limited conditions and increasing pCO2 showed opposite 
trends than those observed und N-replete conditions (Van de Waal et al. 2014). To my 
knowledge, there has so far no mechanism been described that could explain such changes in 
sulfonated PSP toxin synthesis. In view of the increasing number of reports on HAB events, 
there is a great need to understand the impacts of global change on PSP toxin synthesis (Fu et 
al. 2012), particularly as OA may not only alleviate the negative effects of N limitation on 
dinoflagellate species in general, but furthermore facilitate the synthesis of N-rich 
compounds such PSP toxins (publication II). 
 Besides toxin production, mixotrophy may play an important role in the competition for 
resources as well, particularly when available inorganic resources are reduced to very low 
concentrations. For instance, in a summer bloom in Masan Bay, Korea, mixotrophy 
determined the succession among dinoflagellate species, and while P. minimum and P. 
triestinum fed on Amphidinium carterae, the species C. polykrikoides and P. micans fed on 
H. akashiwo (Jeong et al. 2005). A. fundyense and S. trochoidea have as well been reported 
to feed on various phytoplankton species by engulfing their prey, including Amphidinium 
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carterae, Prorocentrum minimum (Jeong et al. 2005). The effect of OA on nutrient 
assimilation and feeding behavior among dinoflagellates has to my knowledge not been 
investigated. Yet, under nutrient-limiting conditions, mixotrophy may be the driving force in 
the succession of dominant species. Future experiments could approach this question by 
performing multi species experiments with the co-existing A. fundyense and S. trochoidea 
and build on the knowledge one has on these two species as described in this thesis.  
So far, most of our knowledge is based on short-term single species experiments, which 
tested individual environmental drivers over a relatively short time scales (Riebesell and 
Tortell 2011). To forecast implications for ecosystems from such experiments is limited, 
because multiple changes could hamper the prediction based on these kind of “bottle 
experiments”. Although large-scale experiments on plankton communities are difficult to 
interpret and require large teams, they still allow multiple environmental drivers to interact 
(Kroeker et al. 2010; Riebesell and Gattuso 2015). Hence, having started with such single 
species and single environmental driver experiments and the approach towards a process-
based understanding (publication I and II), I then participated in a mesocosm experiment in 
Sweden to investigate the potential effects of OA on entire phytoplankton communities. This 
KOSMOS 2013 mesocosm experiment was designed to capture potential effects of OA on a 
coastal, winter to summer plankton succession. The long-term experiment furthermore 
provided an opportunity to investigate the effects of OA on mixotrophic dinoflagellates, 
which were often shown to bloom in these waters towards the end of the phytoplankton 
succession under low nutrient conditions, imposing a strong grazing pressure, e.g. controlling 
the growth of diatoms (Tiselius and Kuylenstierna 1996).  The experiment followed a 
plankton succession for 109 days during which time two phytoplankton blooms were 
observed. While nutrients were reduced to very low concentrations and terminated the first 
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bloom, a second bloom appeared under NO3
--limited conditions (Fig. 8). During both bloom 
events, total primary production seemed to be higher under OA, but this applied only to a 
marginally significant increase during the peak of the second phytoplankton bloom (t53-t61; 
Fig. 8; publication III). An enhanced effect of elevated pCO2 on phytoplankton productivity 
under nutrient limitation has been described earlier (Egge et al. 2009; Paul et al. 2015; Sala 
et al. 2015) and indicate the need of multiple stressor experiments to unravel the impact of 
OA on natural phytoplankton assemblages (publication II).  
 
 
 
 
 
 
 
 
 
 
Fig. 9: Total primary production (PPT; from 
14C based 24 h incubations) and NO3
- 
concentrations in the mesocosms. Triangles (red; high CO2) and circles (blue; low CO2) 
represent the mean PPT and ± SD of five biological replicates. Dashed lines show NO3
- 
measurements from every other day (nutrient data from E. Achterberg). 
 
Both blooms in the mesocosms as well as in the fjord where most of the time dominated by 
diatoms (Bach et al. 2016). Dinoflagellates were observed in the Gullmar Fjord during the 
experimental period as well. Life cycles of dinoflagellates often include the formation of 
cysts, which may follow sexual reproduction or allow them to resist unfavorable 
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environmental conditions such as low light and temperatures (Head 1996). To account for 
dinoflagellates emerging from cysts later in the season and other species coming up during 
the phytoplankton succession in the fjord, a so-called “seeding” took place every fourth day, 
during which 22 L of seawater, which was collected with a submersible pump down to a 
depth of about 19 meter in the fjord, were transferred to each mesocosm (Bach et al. 2016). 
Compared to a total mesocosm water volume of about 50 m3, the seeded volumes (about 
0.3 %) were presumably too small to sufficiently introduce dinoflagellates into the 
mesocosms. Thus, a dinoflagellate bloom did not occur in the mesocosms, which would 
otherwise have allowed us to test some of our ideas emerging from publication II. 
Regarding the performed photosynthesis versus irradiance (P/I) curves during the Gullmar 
Fjord experiment, no apparent effect of OA on photoacclimation parameters of the 
phytoplankton community was detected (publication III). This could be of advantage for 
future field work, indicating that the use of pre-defined light levels during 14C incubations for 
24 h may, if at all, have only a minor effect on the outcome and analysis of the results. We 
therefore suggest that 24 h incubations with fixed light levels such as we performed in 
publication III may be adequate to determine potential effects of OA on primary production. 
  
 
3.2 Conclusion 
The use of single species and single environmental drivers in laboratory experiments gives us 
specific insight into eco-physiological changes, e.g. towards OA. Such process-based 
understanding, even if obtained for many different key species, will not allow us to forecast 
phytoplankton prevalence in a future ocean, recalling that the world is not as simple as a 
bottle. A multitude of species (and genotypes) in a natural environment respond to a 
Synthesis 
 
89 
 
multitude of alterations at the same time and it remains unclear how additional 
environmental drivers may influence the effects caused by OA. Therefore, to be more precise 
in anticipating responses of phytoplankton to global change, it is unavoidable to account for 
potential interactions among physical, chemical and biological drivers as well. After all, 
aspects such as competition, grazing, and invasion also affect the success of a species in the 
oceans. Experiments on natural phytoplankton communities, which consider several of these 
aspects, are rare and still in need of improvement (e.g. regarding invasion: see our 
unsuccessful attempt to introduce dinoflagellates to the mesocosms). Interpretation of the 
results is challenging, as these large-scale experiments often miss an understanding of 
underlying processes. So each approach is (so far) not expedient on its own and future 
attempts should try to put the knowledge gained from these different approaches together 
into one big picture. One way to assess the impacts of OA on HABs or marine phytoplankton 
communities in general is to synthesize information from short and long-term studies, single 
and multiple species experiments as well as laboratory and field studies with respect to 
multiple environmental drivers in order to ‘tighten the noose’ around our target (Fig. 9). 
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Fig. 10: Schematic overview of how to approach the impacts of global change on HABs. 
Red color indicates the attempts to gain a process-based understanding (normally laboratory-
based bottle experiments), green color indicates large-scale outdoor experiments. 
 
 
This brings us back to the central question of the thesis: “Will there be good tidings for 
red tides?” My findings support the line of reasoning that dinoflagellates are among those 
taxa that also have the capability to adjust their CCM under OA. Although A. fundyense and 
S. trochoidea did not invest their potential energy savings from a down regulated CCM into 
growth, they can presumably redirect it into other processes when facing unfavorably 
nutrient conditions. This may be of advantage since OA will most likely be accompanied by 
nutrient limitation in the surface oceans through an increased thermal stratification. Under N 
limitation, species invested in ‘biomass quality’ (i.e. lower cell abundances with a PON 
content similar to N-replete conditions) rather than ‘biomass quantity’ (i.e. higher cell 
abundances with a reduced PON content), which might be of an advantage for PSP toxin 
producing A. fundyense. Under grazing pressure, PSP toxins may provide a defensive role 
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and reduce its mortality rate compared to non-toxic species (Wohlrab et al. 2010). Yet, at the 
same time, affinities for DIN uptake was lowered, decreasing the competitive ability for N 
assimilation of both tested dinoflagellates. Thus, when competing with other species, which 
show an unaltered or even increased affinity for N, the tidings may be not so good.  
In the end, our knowledge is still too limited to make robust forecasts on HABs in a future 
ocean. Based on their large variety of physiological traits and their possibility to adapt to 
future ocean conditions being investigated in this thesis, I am positive that dinoflagellates 
will persist or even gain an advantage under global change. The more we learn about this 
group, the more we will be astonished about the unexpected features. 
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5.1 Publication: Shake it easy: a gently mixed continuous culture system for dinoflagellates.    
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5.2 Publication: Impact of elevated pCO2 on paralytic shellfish poisoning toxin content and  
 composition in Alexandrium tamarense. 
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